Abstract: Despite general perceptions, mass customization of double-curved metal panels with slight variations remains challenging. This paper reports the results of a three-year effort to develop a new hybrid sheet metal processing technique to fabricate double-curved metal panels for the Dongdaemun Design Park (DDP) building. DDP, designed by Zaha Hadid, has an unusually high percentage of double-curved panels. Among the 45,000 façade panels, approximately 22,000 panels are double curved. Despite the complexity and the large number of different types of panels, the joints are only 25 mm wide. Precision and a limited budget were the key requirements. The project team successfully developed a new and affordable sheet metal forming method called multipoint stretch forming, which is a hybrid method of multipoint forming and stretch bending, through trial and error. Several machines and prototypes were custom built and tested. The cost of fabrication of typical double-curved panels using this new method was US$260 per square meter compared with US$7,000 per square meter when die casting was used and US$3,000 per square meter when hydroforming was used. Furthermore, the average fabrication time per panel was reduced from several hours to 15 min per panel when using the new multipoint stretch forming method.
Introduction
The unusually curvy buildings designed by Frank Gehry and Zaha Hadid have resulted in the common public misconception that there exists a mature and affordable technology to mass customize double-curved metal panels. A double-curved panel refers to a panel that has more than two curved edges, while mass customization (Davis 1987; Pine 1993) refers to a technology or a process of designing and mass producing custom products at a low unit cost. Mass-production technologies for making aerodynamic automobiles, airplanes, and ships using sheet metal exist, but are not feasible for irregularly shaped buildings because of the requirement for panels of different shapes. Thus, the high price of mold fabrication cannot be economically justified. For this reason, existing buildings with curved shapes have rarely employed true double-curved metal panels, and have instead used tricks.
For example, the Walt Disney Concert Hall designed by Frank Gehry, despite its complex shape, is composed of flat or one-way curved panels whose shapes were achieved through a process of converting double-curved surfaces into developable surfaces (Shelden 2002) . This rationalization technique is the technique that has most frequently been employed to realize irregularly shaped buildings, including the Mercedes-Benz Museum and other buildings (Eigensatz et al. 2010 ). In the case of the Mercedes-Benz Museum, double-curved surfaces were employed in only a few places, with low precision due to the discontinuity of the curvatures (Fig. 1) .
In the case of the Experience Music Project (EMP) located in Seattle, WA, the beautifully curved surface was made by forcefully bending and fixing flat, thick, sheet metal pieces along the curved surface on site. This technique is called cold-bending. Small pieces of sheet metal were used for extreme curvatures, and where there were mild curvatures, large pieces of sheet metal were used to minimize the gaps between panels created by forcefully bending flat sheet metal into a double-curved shape while maximizing economic efficiency. The optimal sizes and shapes of the panels were determined by analyzing a building information model (BIM) using a computer script based on preset tolerance ranges (Shelden 2002) . As a result, the EMP has a unique exterior that has the appearance of a patchwork quilt of color-coated stainless steel and aluminum. Nevertheless, the gaps created during cold bending can be easily observed, albeit not from a distance (Fig. 2) .
Each panel in the Chanel Mobile Art exhibition building was fabricated to be double curved, but the panels were built using plastic material [fiber-reinforced plastic (FRP)] that was cheaper and easier to manipulate than sheet metal panels. In addition, as the Chanel Mobile Art exhibition building is temporary, there was less emphasis on durability, waterproofing, and insulation than would be required for other permanent structures. Another example of an advanced technology developed to fabricate plastic double-curved panels is the prototype system developed by Pronk et al. (2009) . These authors proposed a membrane mold system for fabricating plastic panels with a complex shape; the complex shape is achieved by pressing the boundaries of a plastic panel into curved shapes. A critical drawback of this system is that there is no control over the surface inside the boundaries and, thus, continuity between panels cannot be guaranteed. Another technique that has been used to create double-curved panels is the free-form thick-layered object manufacturing (FF-TLOM) technique (Broek et al. 2002) . Other rapid prototyping techniques used in architecture have been reviewed in a special issue of Automation in Construction (Buswell et al. 2007; Buswell et al. 2008; Kvan and Kolarevic 2002) .
Despite the lack of a technology for mass customizing doublecurved metal panels, the city of Seoul made the bold decision to go ahead with the construction of Dongdaemun Design Park (DDP), also known as Dongdaemun History and Culture Park (DHCP), which is the most extreme case of an irregularly shaped building that currently exists. DDP is a new signature building in Seoul, Korea that was designed by Zaha Hadid Architects (ZHA). The surface of the DDP is designed to be covered with 45,133 panels. Approximately 48% of the panels (21,753 panels) are doublecurved 4-mm-thick aluminum panels with folded edges. All 45,133 panels have different shapes, colors, and patterns of perforations. Furthermore, the joints between the panels are only 25 mm wide, thus leaving little room for deformation and construction errors. The precision of fabrication and the installation method were further challenges. Moreover, the given construction period was very short compared with similar projects. The floor area to be constructed per year is two to seven times larger than that of other irregularly shaped buildings designed by the same and other architects (Fig. 3) . A building with this number and size of doublecurved metal panels has not previously been built within the short period proposed for the DDP. The writers were hired as technical advisors to survey and propose a new feasible method for fabricating double-curved panels for the DDP.
In this study, the writers report on the project team's efforts over three years to develop an affordable sheet metal processing technique for fabricating double-curved panels for very complex buildings, like the DDP, within a very limited time and on a tight budget. The paper is organized as follows. The next section briefly introduces typical strategies for panelizing (dividing) a surface into small pieces. Then a general introduction to the DDP is provided and the requirements for the DDP panel fabrication method are discussed. The fourth section reviews existing methods and their limitations based on a literature review, site visits, and expert interviews. The fifth and sixth sections report on the final method developed by the project team and the problems encountered and improvements made after four mock-up tests carried out over a one-year period. The rest sections discuss the limitations of the developed method and other issues surrounding the design and construction of the DDP.
Brief Introduction to Panelization Methods
Irregularly shaped buildings indicates buildings that are free formed as well as tilted, twisted, and tapered. Buildings with tilted, twisted, and tapered shapes may be easier to build than buildings with free-formed shapes. However, they are generally more difficult and expensive to build than perpendicularly composed buildings and require special structural design and fabrication technologies, as well as construction sequences. A large building surface has to be divided into small panels to be built, regardless of whether it is regularly or irregularly shaped. This process of dividing a large surface into small panels of a constructible size is called panelization. The process of economically optimizing the sizes and shapes of the panels is called rationalization. Panelization and rationalization are iterative processes. Panelized shapes are rationalized and repanelized until they satisfy esthetic and economic requirements as well as construction requirements.
Typically, three strategies are deployed to panelize a large curved surface (Schodek et al. 2005) . First, a large surface can be divided into faceted planar surfaces. This is the cheapest of the three panelization methods. The shape of the panel can be triangular, quadrilateral, or polygonal. Technically, panelization of a surface into triangular shapes is the simplest. Most buildings with curved surfaces today were built using this approach. Examples include 30 St. Mary Axe in London, the National Center for the Performing Arts in Beijing, and Incheon International Airport in South Korea. The Jerusalem Museum of Tolerance project is an example of the use of quadrilateral glass facets (Glymph et al. 2004) .
Second, a large surface can be divided into smoothly bent strips (one-way curved panels). In this case, the strips should be developable. A developable surface is a surface that has vanishing or zero-Gaussian curvature at all of its points (Pottmann et al. 2007 ). This means that any developable surface can be unfolded into a flat surface and vice versa. That is, a curved metal panel that is developed can be fabricated by bending a flat piece of sheet metal. Most mechanical computer-aided design (CAD) tools have support functions to check and model developable surfaces. The fabrication cost of these strips is much lower than that of double-curved panels. However, to guarantee that a surface is composed of strips of developable surfaces, gaps created between strips are unavoidable. The exterior walls of the Disney Concert Hall were constructed using this approach.
Third, a large curved surface can be divided into smaller two-way curved panels. These panels are designed to fit perfectly with each other, and a surface composed of these small panels will be smooth. However, this fabrication process requires a special method, and the fabrication costs are generally high. This method is rarely used; the DDP is a unique case.
Requirements for the DDP Panel Fabrication Method
The DDP was designed as a new signature building in Seoul, Korea. The DDP is surrounded by Dongdaemun Market, the main fashion market in Seoul, and is the historic site of the East Gate (Dondaemun) and the ruin of the wall around Seoul. The site now occupied by the DDP was formerly a baseball stadium. Due to the significance of the site, the city of Seoul planned to relocate the baseball stadium and build a new landmark building. A design by ZHA was selected through an international competition. The project team is multi-national. The local architects are Samoo Architects and Engineers. The façade consultants during the design phase were Evolute and Group 5 from Europe, and the façade consultants during the construction phase were Iljin Aluminum, SteelLife, and Steel E&C (ISS), a consortium in South Korea led by SteelLife. The main contractor is the Samsung Construction and Technology (Samsung C&T) Consortium. Gehry Technologies (GT) Korea is the BIM consultant. The Kunwon consortium is responsible for construction management. The client is the Seoul Metropolitan Government.
The DDP project required fabrication of an extremely large number of double-curved panels, high fabrication accuracy, and a short project duration. The uniqueness of the DDP project mandated several requirements for panel fabrication as described in the "Introduction." The following describes these requirements in more detail:
• The panels had to be fabricated very rapidly to meet the project deadline. The given construction period of the DDP was two to seven times shorter than that of any previously constructed irregularly shaped building, as explained in the "Introduction."
The total floor area of the DDP is 85;320 m 2 , and the initial construction period was approximately 1,000 days (March 31, 2009 to December 26, 2011 . The deadline has been extended to July 2013.
• The fabrication technology had to be mass customizable so that double-curved panels with different curvatures could be produced economically by slightly varying the machine configurations.
• Table 1 shows the distribution of the types of DDP panels.
Panels curved in one direction only are classified as one-way curved panels. Likewise, panels curved in two directions are classified as two-way curved panels. Among the 45,133 panels, 21,738 double-curve panels (48.2%), 9,554 one-way curved panels (21.2%), and 13,841 flat panels (30.7%) were required. Although many of these panels only had to be mildly curved, double-curved panels were critical to make the panel assemblies look continuous. In terms of area, the double-curved panels cover almost half (49.0%) of the exterior surface area. Considering the perforation patterns and coating colors, all 45,133 panels are unique.
• The fabrication technology had to be capable of producing a 1.2 × 1.6 m double-curved panel. According to the standard South Korean metal-panel fabrication specifications, the maximum tolerance values on the edge are 0.8 mm for panels less than 1,200 mm long and 1.6 mm for panels more than 1,200 mm long, 4.8 mm in the diagonal direction, and 0.2% of the designed curvature or 4.8 mm.
• The panels had to be manufactured accurately so that the resultant panels could form a smooth surface while maintaining 25-mm spacing between the double-curved panels. The tolerance value was 2 mm in any direction.
To develop a method capable of fulfilling all these requirements, the writers conducted a literature and field survey of existing metalprocessing technologies. These technologies are described in detail in the following section.
Limitations of Existing Sheet Metal Processing Techniques
Carving and casting to pour and solidify material are not appropriate for metal panel fabrication. In addition, neither forging to ram and gain a desired form nor drawing and extrusion to push material and acquire the form are appropriate methods for skin panel fabrication for irregularly shaped buildings. Cutting, roller bending, and pressing are methods generally used to fabricate curved surfaces, and special forming methods such as hydroforming and multipoint forming have also been used. No single processing method is used for a building; various processing methods are used together in the most optimal way according to the required form of the panels, and sometimes these methods are even used together to create a panel. However, the existing methods had several limitations with regard to creating panels for the DDP. The potentials and limitations of existing sheet metal processing techniques are discussed in the following subsections.
Stretch Bending
One-way curved panels or pipes can be made by bending a material. Bending can be achieved by roller bending, press bending, or stretch bending. Roller bending is also called roll bending or rolling. It refers to the process of pushing a material between a fixed roller and a curved-surface-controlling roller to create a product with the desired curvature; this is the most general fabrication method used for one-way curved materials. In the case of roller bending, the radius of a curved surface must be more than 200-300 mm. If the radius is less than 200 mm, then press bending is used. A press bending machine pushes and folds a sheet metal panel. Both roller bending and press bending are typically used to produce a uniformly bent shape, but are not suitable for creating a bent shape with varying curvatures or double-curved panels. Stretch bending can be used to create a nonuniform one-way bent shape. In this method, both ends of a sheet metal blank are held and a sheet metal blank is pushed against a bend die to stretch it to the desired one-way curve. A typical stretch bending machine is designed to stretch a sheet metal blank in one direction only. Thus, although stretch bending is accurate compared with other bending and is suitable for processing high volumes of a fixed one-way curved shape, it is not suitable for producing two-way curved panels. Even if the stretch bending technique were modified to stretch a sheet metal blank into two directions, this method would still not have been feasible for fabricating DDP panels because each DDP panel would have required a different bend die, and bend dies are very expensive to manufacture.
Die Forming or Die Casting
Die forming generally refers to stamping, which involves using a set of male and female dies to produce the desired form on a sheet metal part. Commonly used press machines are mechanically or hydraulically powered. A major drawback of die forming is that it is very expensive to manufacture a set of dies. A sample was made during the survey at a cost of approximately US$7,000 per square meter. The cost for manufacturing dies can only be justified if the dies are to be used thousands of times. Thus, in the automobile and electrical appliances industries, in which the same products are produced more than a million times, this approach is economically feasible, but this is not the case for irregularly shaped buildings like the DDP, where almost all panels are unique.
Single Point Forming
Single point forming (SPF) is a way to attach a bolster plate (or bed) to a sheet metal part and hammer it with a ram as many times as is required to gain the desired form. Gigantic sculptures are often made by single point forming. When fabricating sculptural shapes, the stamping machine is generally controlled manually. This provides the flexibility to obtain almost any shape, but the quality of the product relies heavily on the skill of the fabricator. Furthermore, the fabrication process is very slow and expensive. In South Korea, processing unit costs are classified into five grades, grades A to E, according to the production difficulty. For grade A panels, which are the easiest to fabricate, the processing cost is approximately five times that of flat panels. Grade E curved panels, which are the most difficult to fabricate, cost three to four times more than grade A panels-that is, approximately 20 times more than flat panels. The double-curved panels of the DDP are grade E panels and can be fabricated at a maximum rate of two sheets per day using this technique.
Dieless Forming
Dieless forming refers to forming without using a die (Altan 2003) , and is also called single point incremental forming (SPIF) (Duflou 2005; Kim and Yang 2000) . In this method, a sheet metal blank is clamped and pushed down vertically with a computerized moving tool to create the desired form. This technology is still being developed in countries such as Japan, Germany, and the United States. The present study's survey results have shown that current dieless forming technology can process aluminum sheet metal blanks of approximately 4-mm thickness, which is the thickness of the panels used in the DDP, and steel sheet metal blanks of approximately 2-mm thickness. However, this technology cannot be used to process large-scale panels like those used in the DDP.
Multipoint Forming
Multipoint forming (MPF) is a state-of-the-art method for processing sheet metal panels into various forms by controlling the height of small presses arranged in multilayers, utilizing a multiple-post hydraulic press. The basic principle is similar to the pin toy, which can copy any shape by pushing movable pins with an object like a face, a hand, or an apple. Multipoint forming was also deployed in a building project. It was utilized to fabricate the distorted steel columns of Beijing Olympic Stadium. These steel structures were bent with various curvatures in different directions, and production was possible with multipoint forming (Pham 2008) . A major shortcoming of the multipoint forming method is that it leaves dents, which look like dimples on a golf ball, on the surface of the pressed sheet metal due to the punching forces of individual posts.
Hydroforming
Hydroforming is a production technology that was developed in the 1950s. The desired shape is created by pushing a sheet metal blank with hydraulic pressure into a mold made of a material such as steel or polyamide. Hydroforming has several advantages compared with traditional die forming. Hydroforming requires only a single die instead of a pair of dies, but the quality of the processed surface is high. However, this method also has several disadvantages. Forming one panel takes 5 to 15 min, but changing a die takes 2 to 4 h. The fabrication cost is lower than that of die forming, but still expensive. During the survey, a sample panel was made at a cost of US$3,000 per square meter even when it was assumed that the die would be made using reusable plastic material. Hydroforming was therefore considered too expensive to fabricate 45,133 unique panels for the DDP.
Explosive Forming
Explosive forming is similar to hydroforming, but does not require a large press. Explosive forming obtains high hydraulic pressure from an explosion. Large sheets can be produced, but setting up a mold takes a long time and the quality of the resultant panels is low.
Each existing sheet metal processing method had advantages and disadvantages. Some are extremely expensive, and others can only produce panels smaller than a specific size. None were considered adequate to produce 45,133 unique panels for the DDP.
Proposed Alternatives
Three alternatives to the current sheet metal processing methods were considered. The initial ideas were proposed by the research team. However, the development and testing process was an iterative, accumulative, collaborative process between various participants including the research team, architects, contractors, and most importantly, the fabricators.
The first alternative was a multipoint forming machine with a rubber pad between the sheet metal blank and computer-controlled posts, which was a minor modification of the existing multipoint forming method. Nevertheless, the fabricators were concerned about the quality of the finish, because a thin sheet metal blank can wrinkle when pressed.
The second alternative considered was multiple-post hydroforming, which is a hybrid method of hydroforming and multipoint forming. The concept of multiple-post hydroforming is illustrated in Fig. 4 . The idea is to have multiple posts on only one side of a sheet metal blank instead of multiple posts on two sides of a sheet metal blank. However, it was found that the hydraulic pressure was too strong and left dents from multiple posts on the surface of the panel, even when a rubber pad was placed between the posts and the sheet metal blank.
The third approach considered was the use of multipoint stretch forming, which is a hybrid method of stretch bending and multipoint forming. This approach produces curved shapes by stretching and pressing fixed sheet metal with computer-controlled multiple posts into the desired shape.
Through a series of workshops with various metal panel fabricators and the project team, a couple of simple and rough mock-ups were made to test the viability of these ideas. Multipoint stretch forming was selected as the most viable solution. After several tests using hand-cut wooden posts, a new prototype machine was built.
Mock-Up Test Results
Over the course of a year, four mock-up tests of a part of the exterior walls of the DDP were performed. The first mock-up test was conducted on September 15, 2009 [ Fig. 5(a) ]. Nine panels in one of the most dramatically curved parts of the building were fabricated; each piece was composed of four subdivided pieces. Thus, the mock-up consisted of a total of 36 individual double-curved pieces. The first prototype machine was not computerized. The curve formed by the fabricated panels was not smooth, and the joints were not equally aligned.
The second mock-up test was conducted on March 15, 2010, after the machine was adjusted, to test whether multipoint stretch forming was suitable for forming single-curved panels [ Fig. 5(b) ]. This mock-up satisfied the given requirements for panel finishes and joints described in the section "Requirements for the DDP Panel Fabrication Method."
The third mock-up test was conducted on June 30, 2010, after the multipoint stretch forming machine was improved [ Fig. 5(c) ]. In the third mock-up, the quality of the curved surface was satisfactory, but the quality of the edges and joints remained unsatisfactory.
The fourth mock-up test was conducted on August 23, 2010 [ Fig. 5(d) ]. This time, a fully computerized multipoint stretch forming machine was used. Fig. 6 shows the newly developed multipoint stretch forming machine. The main difference between general stretch bending and multipoint stretch forming is that multipoint stretch forming bends a sheet metal panel in two directions [ Fig. 6(b) ], while general stretch bending pulls a sheet metal panel in one direction only. Another difference is that multipoint forming has bottom and upper multipoint forming dies that are adjustable, whereas stretch bending has only one fixed bottom die. In addition, multipoint stretch forming is technically a combination of stretch bending and press forming. For mildly curved panels, only multipoint stretch forming was used [ Fig. 6(b) ]. For heavily curved panels, the primarily curved panels were pressed by the upper multipoint forming die once more [ Fig. 6(c) ]. Currently, the maximum size of a sheet metal blank that can be processed by the new. multipoint stretch forming machine is 1,200 mm by 1,600 mm.
A sophisticated mapping process between a BIM model and a fabricated curved panel is required to cut perforated shapes at the desired locations on a curved surface. The fabrication data were extracted from a BIM model built in Digital Project. First, the four corner points of a panel for tool setting were marked. Then the center point, the radius, and the perforation direction of the holes were generated automatically using a script for laser cutting the holes. A unique identifier number was given to each panel, depending on its location, coating color, and perforation patterns. Shop drawings were also generated from the BIM model. Each panel, with all the required marks and information for fabrication, was converted to initial graphic exchange specification (IGES) format and exported to the fabrication machine. The panel data were read into a custom-developed software application developed for the multipoint stretch forming machine (Fig. 7) .
Using the new stretch forming machine, the panels were first stretched, then pressed if necessary, then cut, and finally perforated [ Fig. 6(d) ]. If a panel were to be cut into the desired shape first, the multipoint stretch forming machine would not have had any room to hold the sheet metal blank for stretch forming. It would have been easier to make holes first when the panel was flat, and then stretch the panel. However, because the DDP was designed to have panel surfaces with many holes, making the holes first could cause a sheet metal blank to be torn off during the stretching process. The holes on curved panels were cut using a laser-cutting machine Fig. 4 . Initially proposed multiple-post hydroforming attached to a 5-axis robot arm. The curved panels were cut using a separate laser-cutting bed. Before the multipoint stretch forming machine was developed, a European sheet metal fabricator experienced in curved panels was hired to fabricate a sample doublecurved panel. The cost estimate for producing a double-curved panel was more than US$7,000 per square meter, which far exceeded the DPP construction budget. In addition, the quality of the surface was not very high.
Using the newly developed multipoint stretch forming method, it was possible to fabricate panels at a cost of approximately US $260 per panel, and it took less than 15 min on average to produce a double-curved panel. Adjusting the multipoint posts to the desired height took a maximum of 5 min; however, because the differences between neighboring panels were very minor, the actual time required to adjust the height of the multipoint posts was much less. Stretch forming took approximately 3 min, additional press Fig. 6 . Multipoint stretch forming machine (photographs courtesy of SteelLife): (a) medium-scale computerized multipoint stretch forming machine; (b) mildly curved panels are fabricated using two-way stretch forming only; (c) complex shapes are pressed once more with the upper multipoint forming mold; (d) the curved panels are cut and perforated with a special computerized laser-cutting machine forming took approximately 3 min, and cutting took approximately 3 min. Overall, including some preparation time, each panel took less than 15 min. However, complex shapes took longer.
The fourth mock-up was considered to have satisfied the requirements for panel finishes, curves, and joints, and received the approval of the architecture team. The panels are currently installed on one side of the wall [ Fig. 5(d) ]. The DDP is expected to be completed in July 2013.
Limitations of Existing Sheet Metal Classifications
Another challenge was to find an appropriate way to categorize the panels by fabrication method to estimate the fabrication cost. It is essential to classify façade panels into types to allow an estimate of their costs. However, because no previous project has used twoway curved sheet metal panels on the scale of the DDP and because of the novelty of multipoint stretch forming, the existing classification of panels into three types (faceted panels, one-way curved panels, and two-way curved panels) is not sufficient. During the design phase of the DDP, four panel types were recognized: the three listed previously and the additional type of two-way curved panel produced by cold bending a flat panel. According to this study's market survey results, the costs for fabricating faceted panels and one-way curved panels are predictable. However, the fabrication costs of two-way curved panels can vary widely depending on the fabrication method(s) used. The costs of two-way curved panels differ depending on the shape of the panel and the techniques used to produce the panels. For example, mildly doublecurved panels can be cut as flat panels and cold-bent on site, but how can one distinguish or make a computer distinguish mildly curved panels from dramatically curved panels? Some panels require several operations and some do not. Therefore, a new classification system was proposed based on the study's market survey results and interviews with subcontractors. Initially, a 12-panel type classification scheme was proposed that was then simplified into the six types summarized in Table 2 .
This classification was accepted by the façade panel subcontractor company, which then developed its own classification scheme based on the scheme proposed previously. However, this is still a rough guideline, and to fully automate classification of panel types from a digital model for cost estimation, more trial-and-error tests seem unavoidable. For example, even for the same panel type, if the degree of bending increases, the number of operations, and thus the fabrication costs, may increase. Determination of the number of operations still relies heavily on the fabricator's personal decisions, and a scientific way to determine the number of operations has yet to be developed. Fig. 7 . BIM data for fabrication The fabrication of façade panels was only one of many complex issues that arose during the design and construction of the DDP. Many large public buildings in Korea have been mandated to adopt BIM by the government. DDP is the first public building project to adopt BIM in Korea, but its use of BIM was not mandated by the government; the project team had no choice but to use BIM to deal with the complex geometry of the building. For example, DDP's annex buildings made of reinforced concrete have been built using the geometry data gained by slicing cross sections of a BIM model every 15 cm. For highly irregularly shaped buildings, a very long cantilevered structure is often unavoidable. The DDP has a large open space without columns where it was supported by a gigantic cantilevered beam (a mega beam structure). The installation process was simulated and visualized using a four-dimensional (4D) simulation technique to identify any problems in the erection sequence and to facilitate communication between clients, engineers, and workers, as well as for education purposes.
These are only a few representative examples of successful stories. The DDP with its extremely complex geometry and tight budget and schedule could not have been built without the boundless ideas and efforts of the project team.
Nevertheless, there are still many problems to resolve. The interior walls and staircases of the DDP are as complex as the exterior façade panels. The fabrication costs of some of these walls and staircases have been estimated at more than US$1 million per square meter. However, no cheaper way to manufacture or mass customize them has been found. The roofs of the DDP are large and low-sloped and thus difficult to access for maintenance. Maintenance of the area covered with sedum is a particular area of concern. Although social and political issues surrounding a project are not often listed in technical reports, they are critical factors that determine the success of a project. Irregularly shaped buildings attract many tourists and have a positive impact on the local economy after construction. However, irregularly shaped buildings are not always welcomed by everyone during the design and construction phases, especially when the budget comes out of people's taxes. Communication and willingness to share and exchange data between project participants are important to make any project successful. In the case of irregularly shaped buildings, these virtues are essential just to move forward, regardless of the success of a project.
Conclusions
Understanding how irregularly shaped buildings are built is important not only to gain insight into the issues surrounding extreme design and construction cases, but also to extend the realizable boundaries of the human imagination and because advances in design and construction technologies mandated by these projects can be applied to regular buildings. Despite the general perception, no technology for fabricating mass-customized, double-curved metal panels currently exists. This study developed a new multipoint stretch forming method to fabricate the 45,133 unique panels required for the DDP in Seoul, South Korea. Through a literature review, site visits, and interviews with metal-panel fabricators in South Korea and Europe, existing methods were adopted to fabricate mass-customized panels for the DDP. Although it is technically possible to fabricate panels of various shapes with several existing sheet metal processing methods such as die forming, hydroforming, and explosive forming, the costs of the existing methods exceeded the project budget, and it would have taken several hours to fabricate each panel, thus exceeding the project timeline. For example, the cost estimate to produce one double-curved panel was more than US$7,000, which exceeded the budget significantly. Moreover, the scheduled construction period for the DDP is two to seven times shorter than that of other irregularly shaped buildings. The number of double-curved panels (21,738 panels, 48.2% of the total panels) used in the project has never been fabricated before. In addition, the maximum tolerance for the curve along the edge was 0.8 to 1.6 mm, and the 25-mm spacing between double-curved panels only allowed errors within 2 mm.
To develop an economically feasible yet sophisticated processing method, several alternatives proposed by the writers and the project team were evaluated. After several workshops with sheet metal fabricators, multipoint stretch forming was selected as the most viable solution. The initial idea was developed and elaborated through four mock-up tests over a year. BIM was not an option for DDP. The fabrication data were extracted and transferred from a BIM to the computerized multipoint stretch forming machine. Using this approach, the cost per double-curved panel was reduced to US$260, and the production time per panel was less than 15 min on average, thereby satisfying the tight fabrication requirements. The DDP is currently under construction and is expected to be completed in July 2013.
Even with the most advanced BIM technologies, a building like the DDP cannot be constructed if a feasible fabrication method does not exist. The newly developed fabrication method of multipoint stretch forming will give architects more freedom to design buildings and will allow contractors to economically and confidently build buildings with innovative forms. However, fabrication of façade panels is only one of many issues in designing and building irregularly shaped buildings. Many other problems associated with designing and constructing irregularly shaped buildings still need to be solved in the future.
